1. Introduction {#sec0170}
===============

Approximately 12,000 new spinal cord injuries (SCIs) occur every year in the United States, and almost half of newly injured individuals are between 16 and 30 years of age ("Spinal cord injury facts and figures at a glance," 2014). It is estimated that less than 1% of individuals completely recover neurological function by the time of hospital discharge ("Spinal cord injury facts and figures at a glance," 2014). SCI often impairs the ability to walk; and diminished ability to walk is often associated with lower quality of life ([@ref040]) and higher risk of developing comorbidities such as type 2 diabetes([@ref012]) and cardiovascular disease ([@ref012]). No one form of locomotor training has been found to be superior to the others thus far ([@ref031]). Therefore, further research is needed to establish interventions to enhance long-term recovery of function and quality of life after SCI.

Recovery of function after SCI is due in part to neuroplastic change, or reorganization of the central nervous system ([@ref004]; [@ref015]; [@ref016]). Various forms of neuromodulation have been shown to drive neuroplastic change in healthy subjects (i.e., no neurological impairment) as well as subjects with SCI or other neurological impairments ([@ref003]; [@ref018]; [@ref007]). A noninvasive neuromodulation technique called transcranial direct current stimulation (tDCS) delivers electrical current through electrodes placed on the scalp ([@ref034]). The effects of tDCS differ based on the polarity of stimulation ([@ref035]). The exact mechanisms of tDCS are not yet known, though it is theorized to affect N-methyl-D-aspartate (NMDA) receptors and gamma-aminobutyric acid (GABA) -ergic activity ([@ref009]). Several prior studies have investigated the use of tDCS in subjects with stroke ([@ref017]; [@ref019]; [@ref024]; [@ref029]). In such subjects, tDCS has been shown to improve movement function, such as increasing pinch force ([@ref019]). tDCS has also been shown to enhance outcomes of motor therapy measured with Fugl-Meyer Assessment (FMA) upper extremity motor scores ([@ref029]) and increase motor evoked potential (MEP) amplitude measured with transcranial magnetic stimulation (TMS) ([@ref017]). While tDCS has not been studied extensively in subjects with SCI, active tDCS combined with locomotor training after SCI has been shown to improve scores on Manual Muscle Test, 6 Minute Walk Test, and Timed Up and Go more than sham tDCS([@ref039]).

Similar to tDCS, transcutaneous spinal direct current stimulation (tsDCS) is a noninvasive form of neuromodulation. The active electrode that determines stimulation polarity in tsDCS is generally placed over the thoracic spine; and the reference electrode is placed on either shoulder ([@ref020]; [@ref007]). Animal studies indicate that similar to tDCS, tsDCS may affect GABAergic processes as well as glutamatergic and glycinergic processes ([@ref007]). The effects of tsDCS are still under investigation, with the majority of studies to date having been conducted in healthy subjects without neurological impairment. In this population, anodal tsDCS has been found to decrease homosynaptic depression of soleus H-reflex ([@ref050]) and induce a leftward shift of the soleus H-reflex recruitment curve ([@ref027]). While it is still a matter of debate, these results suggest that tsDCS may modulate spinal reflexes and interneuronal spinal networks. Anodal tsDCS may lead to a decrease in the excitability of the entire corticospinal tract, as evidenced by the increase in resting motor threshold (rMT) in abductor hallucis ([@ref006]). Conversely, cathodal tsDCS has been reported to affect spinal reflex activity through an increase in homosynaptic depression of soleus H-reflex ([@ref050]) and a decrease in the amplitude of the early component of the spinal reflex ([@ref021]). Cathodal tsDCS has also been found to increase corticospinal excitability (i.e., increase MEP areas in upper and lower extremities) in healthy subjects without neurological impairment ([@ref006]). However, Bocci et al. reported that only cathodal tsDCS was able to modulate spinal reflexes ([@ref007]). Both anodal and cathodal tsDCS have been reported to modulate transcallosal processing ([@ref006]; [@ref045]). In sum: for healthy individuals without neurological impairment, anodal tsDCS appears to decrease corticospinal excitability and increase spinal reflexes, while cathodal tsDCS appears to increase corticospinal excitability and decrease spinal reflexes; and both polarities may affect transcallosal processing. Therefore, it is conceivable that tsDCS may modulate spinal reflexes and interneuronal spinal networks, as well as corticospinal excitability and transcallosal processing, in subjects with SCI.

The ability to modulate reflexes could be beneficial in SCI, as the exaggerated activity of reflexes such as the spinal reflex and H-reflex are related to spasticity, which can reduce quality of life ([@ref002]). A single study has investigated the use of tsDCS in subjects with complete SCI. Results showed that anodal tsDCS increased spinal reflex amplitude and decreased the threshold for eliciting the reflex ipsilateral to the reference electrode ([@ref021]). However, the study did not provide insight into how tsDCS may affect bilateral supraspinal excitability in SCI. To address this evidence gap, the present study evaluated the bilateral effects of differing polarities of tsDCS on supraspinal excitability in a small sample of subjects with motor incomplete SCI. As this would be only the second known study of tsDCS in SCI, a feasibility study was chosen due to two aspects of concern regarding SCI, the first of which is the presence of scar tissue. It is possible that the presence of scar tissue in the spinal cord could impede the flow of current through the cord. Also, SCIs can be heterogeneous with regard to lesion site. Therefore, another concern was whether heterogeneity of the lesion site, combined with the location of the reference electrode, would affect the results. The central hypothesis of this feasibility study was that cathodal tsDCS would result in increased MEPs representative of increased corticospinal excitability; that anodal tsDCS would result in decreased MEPs; and that sham tsDCS would not induce any notable changes in MEPs.

2. Methods {#sec0175}
==========

2.1. Trial design {#sec0180}
-----------------

The study used a single-blind, sham-controlled, randomized crossover design. Intervention consisted of 3 sessions, separated by at least 1 week. In each session, each subject received 1 of 3 conditions: cathodal tsDCS, anodal tsDCS, or sham tsDCS. Each subject received each condition once. All procedures were in accordance with the Declaration of Helsinki and were approved by the university Institutional Review Board. Written informed consent was obtained from all subjects prior to their enrollment in the study. All aspects of the study were performed in a university research clinic located within a rehabilitation hospital in the United States.

2.2. Subjects {#sec0185}
-------------

Eligible subjects were between 18 and 65 years of age, with motor incomplete SCI at or above lumbar level L1and classified as C or D on the American Spinal Injury Association Impairment Scale. The exclusion criteria were: a) unstable cardiopulmonary conditions; b) history of seizure, head injury with loss of consciousness, severe alcohol or drug abuse, and/or psychiatric illness; c) cognitive deficits severe enough to preclude informed consent; d) positive pregnancy test or being of childbearing age and not using appropriate contraception; e) ferromagnetic material in the brain or in the spine (except for titanium for segmental fixation of the spine); f) cardiac or neural pacemakers; g) fixed contractures in the lower extremities; h) uncontrolled diabetes; i) severe osteoporosis; and/or j) severe spasticity.

2.3. Intervention {#sec0190}
-----------------

A NeuroConn Eldith direct current stimulator (Magstim, Whitland, Dyfed, UK) was used to deliver tsDCS through 4.5×10 cm carbon electrodes (Covidien, Minneapolis, Minnesota) coated with EC2 conductive paste (Natus Neurology, Galway, Ireland). Skin areas under the electrodes were first prepped using an abrasive gel (NuPrep, Weaver and Company, Aurora, Colorado). Each of the following 3 conditions (1 in each session) was randomly administered to each subject: anodal tsDCS, cathodal tsDCS, and sham tsDCS.

For anodal and cathodal tsDCS, the active electrode (anode or cathode) was placed with its top edge aligned with the spinous process of T10. The reference electrode was placed horizontally over the left deltoid for all conditions. Electrode placement and stimulation was performed with the subject lying prone on a therapy plinth. tsDCS was delivered at 2.5 mA for a period of 20 minutes, resulting in a current density of 0.06 mA/cm^2^ and a charge density of 0.07 C/cm^2^, which are well below the established safety limits for tDCS ([@ref005]). Stimulation current was ramped up over a period of 30 seconds at the onset of stimulation and back down over 30 seconds at stimulation offset.

For sham tsDCS, electrode placement was identical to active tsDCS. As with active tsDCS, current intensity was ramped up over 30 seconds at the onset of stimulation and back down over 30 seconds at stimulation offset; however, full-intensity stimulation only lasted 30 seconds; 0 mA was delivered for the remaining 8.5 minutes, and electrodes were left in place. Other studies using tDCS have shown that this protocol prevents subjects from differentiating between active and sham conditions ([@ref019]). Because subjects had impaired sensation due to SCI, tsDCS was administered in 2 contiguous segments of 10 minutes' duration. Between segments, the skin was checked under both electrodes for signs of skin irritation. This checking was done irrespective of tsDCS condition.

2.4. Outcome measures {#sec0195}
---------------------

Corticospinal excitability was assessed via change in TMS MEP amplitudes in the right soleus (ie, MEP-RSol) and left soleus (ie, MEP-LSol) -- the primary outcome measures -- before and after tsDCS in each session. Disposable, pre-gelled recording electrodes (Lead-Lok, Inc., Sandpoint, Idaho) were placed halfway between the medial malleolus and the midline of the popliteal fossa. The reference electrodes were placed over the Achilles tendons; and the ground electrodes on the lateral portion of the leg, midway between the recording electrode and the popliteal fossa.

MEP amplitude data was collected with subjects in a seated position. Due to the time needed for subjects to transfer from prone to seated positions in between tsDCS and TMS, an approximate average of 20 minutes elapsed between the offset of tsDCS and the collection of post-tsDCS MEPs. TMS was delivered with a Magstim 200^2^ stimulator connected to a double-cone coil. Coil positioning was guided using the Brainsight^TM^ frameless stereotaxy system (Rogue Research Inc., Montreal, Quebec, Canada), which indicates the coil position on a curvilinear reconstruction of a template MRI. The TMS hot-spot (ie, the stimulation location that elicits the largest MEP in the target muscle) was localized bilaterally. The resting motor threshold, or rMT (ie, the lowest stimulation intensity that results in at least 5 of 10 consecutive MEPs ≥50 *μ*V), was also determined using the Rossini-Rothwell method ([@ref048]). Five stimuli, with an interstimulus interval of 5 seconds, were delivered to the hot-spot at 110% rMT. The resulting MEP amplitudes were analyzed.

2.5. Statistics {#sec0200}
---------------

Changes in MEP-RSol and MEP-LSol values from pre to post were the outcomes of interest. Because subjects had change scores measured for each treatment condition, repeated measures analyses were conducted using a multivariate Gaussian linear model incorporating a working unstructured covariance structure. All tests were 2-sided with statistical significance pre-specified as *P* \< 0.05. Analyses were conducted in SAS version 9.4 (SAS Institute, Cary, NC).

3. Results {#sec0205}
==========

Subject demographics are shown in [Table 1](#nre-43-nre172369-t001){ref-type="table"}. One subject withdrew from the study after 2 sessions due to health issues unrelated to the study. Available data from the 2 sessions was included in analysis. All other subjects completed all 3 sessions per protocol. MEPs were not elicited from some subjects, even with stimulator output at 100%. These subjects are indicated in [Table 1](#nre-43-nre172369-t001){ref-type="table"}. In these cases, pre and post MEP values were considered to be 0 *μ*V and included in analysis. Pre and post results for individuals are shown in [Table 2](#nre-43-nre172369-t002){ref-type="table"}. Representative MEP tracings from subject 5 from each condition are shown in [Fig. 1](#nre-43-nre172369-g001){ref-type="fig"}. Results of group-wise analysis are shown in [Table 3](#nre-43-nre172369-t003){ref-type="table"}. Within-group analysis revealed no significant pre-post changes in bilateral MEP amplitude for anodal tsDCS, cathodal tsDCS, or sham tsDCS. Between-group analysis revealed no significant differences ([Fig. 2](#nre-43-nre172369-g002){ref-type="fig"}).

###### 

Subject demographics and clinical characteristics

  Subject number   Age (years)    Sex  Time since SCI   AIS Score   Level of SCI   Measurable MEPs                    Condition             
  ---------------- ------------- ----- ---------------- ----------- -------------- --------------------------------- ----------- ---------- ----------
  1                31              M   164              C           C6             Yes, only during anodal session    Cathodal     Anodal      Sham
  2                55              M   175              C           T2             Yes                                 Anodal       Sham       N/A
  3                48              F   186              C           T6             No                                  Anodal       Sham     Cathodal
  4                59              M   58               D           L1             Yes                                 Anodal       Sham     Cathodal
  5                56              F   493              D           L1             Yes                                 Anodal     Cathodal     Sham
  6                26              M   55               C           T6             Yes, only on right leg               Sham      Cathodal    Anodal

SCI: spinal cord injury. AIS: American Spinal Injury Association Impairment Scale. Time since SCI: in months. MEPs: motor evoked potentials. M: male. F: female.

###### 

Resting motor thresholds (% maximum stimulator output), motor evoked potential means (standard errors) by subject

  Subject number    Anodal   Cathodal    Sham                                                                          
  ---------------- -------- ---------- -------- -------- -------- -------- -------- -------- -------- -------- ------- -----
  1                   --        --       85%      87%       --       --       --       --       --       --      --     --
  29                  77                                                                                               
  \(14\)            \(15\)                                                                                             
  2                  61%       46%       60%      54%       --       --       --       --      72%      66%      58%    55%
  48                  56       140       158       56       62      126       99                                       
  \(3\)             \(2\)     \(14\)    \(52\)   \(2\)    \(2\)    \(59\)   \(8\)                                      
  3                   --        --        --       --       --       --       --       --       --       --      --     --
  4                  62%     N/A^\*^     42%      49%      50%      50%      52%      41%      53%      58%      43%    46%
  88                 131       202        80      139      136      113       88      140       66      147            
  \(11\)            \(26\)    \(49\)    \(15\)   \(38\)   \(34\)   \(28\)   \(24\)   \(42\)   \(11\)   \(41\)          
  5                  70%       78%       82%      81%      71%      81%      62%      68%      74%      62%      69%    72%
  61                  75        25        36       57       85       37       26       67       48       32      28    
  \(16\)            \(16\)    \(2\)     \(9\)    \(15\)   \(7\)    \(5\)    \(4\)    \(7\)    \(14\)   \(5\)    \(7\)  
  6                  75%       78%        --       --      76%      76%       --       --      72%      78%      --     --
  61                  41        36        76       55       32                                                         
  \(9\)             \(3\)     \(7\)     \(6\)    \(18\)   \(6\)                                                        

-- : motor evoked potentials could not be produced in these cases. N/A\*: post data could not be collected due to time constraints.

![Representative motor evoked potentials (MEPs) from subject 5. Single MEPs from before and after transcutaneous spinal direct current stimulation (tsDCS) are shown for each leg and condition.](nre-43-nre172369-g001){#nre-43-nre172369-g001}

###### 

Estimated means, standard errors, and *p*-values mean change in motor evoked potentials from pre- to post-tsDCS

  Right Leg/Left Brain    Left Leg/Right Brain  
  ---------------------- ---------------------- ------------------
  Anodal                      4.23 (8.30)         24.67 (11.75)
  *P* = 0.70                   *p* = 0.09       
  Cathodal                   25.66 (12.04)        -- 5.06 (4.44)
  *p* = 0.09                   *p* = 0.31       
  Sham                        2.67 (10.94)         8.33 (15.15)
  *p* = 0.82                   *p* = 0.61       
  Anodal -- Cathodal        -- 21.43 (13.35)      29.72 (14.84)
  *p* = 0.19                   *p* = 0.10       
  Anodal -- Sham              1.56 (9.79)         16.33 (10.09)
  *p* = 0.90                   *p* = 0.17       
  Cathodal -- Sham           22.99 (13.17)       -- 13.39 (18.98)
  *p* = 0.14                   *p* = 0.51       

![Motor evoked potential (MEP) change in amplitude from before tsDCS to after tsDCS. MEPs were measured at 110% of resting motor threshold (rMT). MEPs resulting from stimulation of the right motor cortex, measured from the left soleus (MEP-LSol), ipsilateral to the reference electrode, increased following anodal and sham tsDCS, and decreased following cathodal tsDCS. None of these changes were significant. There were no significant differences between the 3 groups. MEPs resulting from stimulation of the left motor cortex, measured from the right soleus (MEP-RSol), contralateral to the reference electrode, increased following anodal, cathodal, and sham tsDCS. None of these changes were significant. There were no significant differences between the 3 conditions. Error bars indicate standard error.](nre-43-nre172369-g002){#nre-43-nre172369-g002}

4. Discussion {#sec0210}
=============

This feasibility study was the first to use a crossover design to evaluate the supraspinal effects of tsDCS on bilateral MEPs in people with SCI. While larger studies will be required to establish the supraspinal effects of tsDCS after SCI, cathodal tsDCS induced an increase in MEP-RSol, contralateral to the reference electrode, and a decrease in MEP-LSol, ipsilateral to the reference electrode. Further, anodal tsDCS induced an increase in MEP-LSol. Although the magnitude of these changes did not reach significance, they indicate that cathodal and anodal tsDCS may be capable of modulating corticospinal excitability in people with SCI.

Cathodal tsDCS led to similar results as a previous study with a larger sample size in healthy subjects without SCI ([@ref006]). Specifically, Bocci and colleagues investigated the effects of cathodal and anodal tsDCS on MEP areas of the abductor hallucis contralateral to the reference tsDCS electrode ([@ref006]). Results showed an increased MEP area associated with cathodal tsDCS and decreased MEP area associated with anodal tsDCS. Direction of change following cathodal tsDCS ([@ref006]) was consistent with the direction of change in MEP-RSol amplitude in the present study. No other studies have measured the bilateral effects of tsDCS on MEP amplitude.

In the present study, the direction of MEP-LSol change differed from the direction of MEP-RSol change following cathodal tsDCS. Moreover, while cathodal tsDCS induced a greater increase in MEP-RSol than anodal or sham tsDCS, it also induced a slight decrease in MEP-LSol. These effects may be indicative that cathodal tsDCS modulates transcallosal processing (TCP). TCP is a normally occurring process in which one brain hemisphere provides inhibitory inputs to the other hemisphere ([@ref014]; [@ref037]). tDCS (i.e., brain stimulation) has been shown to modulate the duration of TCP dependent on polarity of stimulation ([@ref028]), and tsDCS has been shown to have supraspinal effects ([@ref006]; [@ref006]). Therefore, it is conceivable that cathodal tsDCS may increase TCP (i.e., left brain inhibition of right brain) along with increasing excitability of the left brain and spinal projections to the right leg. This dynamic would explain the small decrease in MEP-LSol observed in the present study. The lack of a decrease in MEP-RSol, contralateral to the reference, following anodal tsDCS indicates a lack of TCP modulation associated with this polarity, suggesting different mechanisms of action of anodal and cathodal tsDCS. This indicates that cathodal tsDCS may have increased activity of excitatory transcallosal fibers of the left brain which act on inhibitory interneurons of the right brain ([@ref028]). Future studies are needed to substantiate whether cathodal tsDCS specifically modulates TCP.

Differential effects of tsDCS on MEP-RSol and MEP-LSol have not been investigated in previous studies. Results of the present study suggest that in cases of motor incomplete SCI, cathodal tsDCS may induce the greatest change in MEP amplitude in the lower extremity contralateral to the reference electrode, while anodal tsDCS will induce the greatest change in the lower extremity ipsilateral to the reference electrode. However, further studies are needed to evaluate the relationship between laterality of effects and the right and left neurological levels of subjects.

Limitations of the present study include small sample size as well as sample heterogeneity with regards to time since injury and level and completeness of injury. The chronicity of the injury may influence the effects of tsDCS, as may the level and completeness of the injury. Heterogeneity of these factors likely increased the variance of the results. Furthermore, upper extremity MEPs were not measured in this study in an attempt to limit the time required of the subjects. However, measurement of upper extremity MEPs in addition to lower extremity MEPs would give a more complete assessment of the effects of tsDCS. The small sample size is an issue which was exacerbated by the lack of measurable MEPs in multiple subjects. Because individuals with SCI have fewer intact fibers in the corticospinal tract, MEP amplitudes or other indicators of corticospinal excitability are decreased compared to neurologically intact individuals ([@ref041]). There are several methods for handling non-recordable MEPs. One such method is to analyze the maximum value for motor threshold; however, this method would inflate the sample ([@ref010]). Another method is to use multimodal evoked potential scores ([@ref023]). However, this method was developed for use in multiple sclerosis populations and would require modifications and validation before application in traumatic SCI. By simply excluding these subjects from the data analysis, the data would then be skewed to represent only the subjects with responses ([@ref011]; [@ref044]; [@ref047]). Therefore, in order to decrease biases, amplitudes of 0 *μ*V were used in instances where MEPs could not be measured, as was done in previous studies ([@ref042]; [@ref049]). Future studies could screen all subjects prior to enrollment to ensure that MEPs can be elicited from the soleus or other target muscles. Alternatively, enrollment could be limited to individuals with American Spinal Injury Association Impairment Scale (AIS) scores of D, as lower extremity MEPs were easier to obtain from subjects with AIS scores of D in this study than from those with AIS scores of C. The inclusion of AIS D subjects will likely be integral to determining the mechanisms of action of tsDCS in the SCI population. Additionally, TMS should be administered with subjects in a standing frame. In healthy subjects with no neurological impairment, standing has been shown to increase corticospinal excitability compared with sitting, as measured with maximum MEP size and recruitment curve slopes of soleus and tibialis anterior (TA) ([@ref036]). Also, MEPs should be measured from TA rather than soleus while subjects are in a standing frame. Soleus was chosen for the present study because it is a commonly used muscle in measurement of H-reflex ([@ref025]; [@ref030]; [@ref032]), a measure of spinal excitability that is targeted in tsDCS and is altered in individuals with SCI ([@ref026]; [@ref043]). At the same time, several studies in healthy subjects with no neurological impairment have indicated that TA may be the optimal target for eliciting MEPs. For example, [@ref001]) determined rMT of TA with subjects in supine. Stimuli were then delivered at rMT, as well as at 10% above rMT, with subjects in supine as well as during standing. MEP amplitudes in TA were significantly larger while standing compared to supine. Similarly, when rMT was measured while standing, TA MEP areas were found to be significantly larger at 5% and 10% above rMT while standing as compared to supine (Nakazawaet al., 2003). Soleus MEP areas did not vary significantly between supine and standing. In a separate study, [@ref036]) determined that the rMTs of soleus and TA do not vary between standing and sitting. However, maximum slopes of the recruitment curves were significantly greater in both the soleus and TA when standing as compared to sitting. The increase in the maximum TA slope was significantly greater than the increase in soleus slope. Given this evidence, it appears that measuring MEPs from TA in subjects with SCI may be more optimal than measuring MEPs from soleus in terms ofyielding responses.

These preliminary results indicate the ability of cathodal tsDCS to modulate corticospinal excitability with marked laterality of effects. This evidence warrants a larger study. Further studies are needed for systematically evaluating the impact of the reference electrode placement on cortical and spinal excitability. Additional studies with larger sample sizes are needed to enable better understanding of the effects of tsDCS on corticospinal excitability and to determine whether these effects can support functional improvements for people with chronic, motor incomplete SCI.
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